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Description

TECHNICAL FIELD

Cross-reference to Related Applications

[0001] This application claims priority from Korean Patent Application Nos. 10-2022-0004160, filed on January 11,
2022, and 10-2023-0003975, filed on January 11, 2023, the disclosures of which are incorporated by reference herein.

Technical Field

[0002] The present invention relates to a positive electrode for a lithium secondary battery having excellent electro-
chemical properties, and a method for manufacturing the same.

BACKGROUND ART

[0003] A lithium secondary battery generally includes a positive electrode, a negative electrode, a separator, and an
electrolyte. The positive electrode and the negative electrode include active materials capable of intercalation and
deintercalation of lithium ions, and electrical energy is produced by oxidation and reduction reactions when lithium ions
are intercalated and deintercalated from the positive electrode and the negative electrode.

[0004] The positive electrode of the lithium secondary battery is prepared by a method for applying a positive electrode
active material to a current collector, rolling, and drying the same. Recently, there has been an increasing demand for
a lithium secondary battery having a high energy density per unit volume so as to be applied to an electric vehicle, etc.
However, when excessive rolling is performed in order to increase the energy density, there are limitations in that particle
breakage of the positive electrode active material is not only easy to occur, but cracks also occur inside the particles.
[0005] In the case in which the particle breakage of the positive electrode active material or the cracks occur, since a
contact area with the electrolyte solution increases, an amount of gas generated increases and the degradation of the
active material is accelerated due to a side reaction with the electrolyte solution. As a result, life characteristics of the
battery may be degraded.

[0006] Accordingly, there is a need to develop a method for distinguishing a positive electrode having an improved
rolling state, which can exhibit excellent electrochemical properties when applied to a battery due to less occurrence of
particle breakage and cracks.

DISCLOSURE OF THE INVENTION

TECHNICAL PROBLEM

[0007] An aspect of the present invention provides a positive electrode having excellent electrochemical properties
due to less structural damage of particles even after rolling, and a method for manufacturing the same.

TECHNICAL SOLUTION

[0008] The present invention provides a positive electrode for a lithium secondary battery including:

a positive electrode collector; and

a positive electrode active material layer which is formed on at least one surface of the positive electrode collector
and includes a positive electrode active material,

wherein the positive electrode active material layer has a pore volume of 7.0X10-3:-cm3/g to 8.0x 10-3-cm3/g.

[0009] Also, the presentinvention provides a method for preparing a positive electrode for a lithium secondary battery,
the method including:

coating at least one surface of a positive electrode collector with a positive electrode slurry containing a positive
electrode active material to form a positive electrode active material layer; and

rolling the positive electrode collector and the positive electrode active material layer,

wherein the positive electrode active material layer after the rolling has a pore volume of 7.0x 10-3-cm3/g to 8.0 10-
3-cm3/g.
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ADVANTAGEOUS EFFECTS

[0010] The positive electrode according to an embodiment of the present invention includes the positive electrode
active material in which less particle breakage and internal cracks occur, and thus it is possible to improve the initial
capacity, life characteristics, gas generation rate, and the like when applied to the lithium secondary battery.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

FIG. 1 is a cross-sectional view of positive electrodes before and after rolling observed by a scanning electron
microscope.

FIG. 2 shows a result of analyzing positive electrodes prepared in Examples and Comparative Examples of the
present invention through a Barrett-Joyner-Halenda (BJH) method.

FIG. 3 is a view showing capacity retentions and resistance increase rates measured while charging and discharging,
600 times, the batteries to which the positive electrodes prepared in Examples and Comparative Examples of the
present invention are applied.

FIG. 4 is a view showing results of measuring an amount of gas generated after high-temperature storage in the
batteries to which the positive electrodes prepared in Examples and Comparative Examples of the present invention
are applied.

FIG. 5is a view showing results of measuring the rolling density according to a mixing weight ratio of small particles
and large particles in a positive electrode material having a bimodal particle size distribution.

BEST MODE FOR CARRYING OUT THE INVENTION

[0012] Hereinafter, the present invention will be described in more detail to allow for a clearer understanding of the
present invention.

[0013] Asused herein, the term "primary particle" refers to a particle unit which is constituted by a plurality of crystallites,
and in which an external grain boundary does not exist when observed in the view at a magnification of 5,000 to 20,000
using a scanning electron microscope. The term "average particle diameter of the primary particles" refers to an arithmetic
mean value of the particle diameters calculated by measuring the particle diameters of the primary particles observed
in the scanning electron microscope image.

[0014] As used herein, the term "secondary particle" is a particle formed by the aggregation of a plurality of primary
particles.

[0015] As used herein, the term "Dg" refers to a particle size based on 50% of a volume cumulative particle size
distribution of lithium composite transition metal oxide powder or positive electrode active material powder, and means
D5, of the secondary particle when the lithium composite transition metal oxide is a secondary particle. The Dgg may
be measured using a laser diffraction method. For example, the lithium composite transition metal oxide powder or the
positive electrode active material powder may be dispersed in a dispersion medium, then introduced into a commercially
available laser diffraction particle size measuring apparatus (e.g., Microtrac MT 3000), irradiated with an ultrasonic wave
of about 28 kHz at a 60-W output. Then, after a volume cumulative particle size distribution graph may be obtained, a
particle size corresponding to 50% of the volume cumulative amount may be determined to measure the average particle
diameter Dgg.

[0016] Inthe presentinvention, "BET specific surface area" and "pore volume" are calculated from nitrogen adsorption
isotherms in a 77-K liquid nitrogen atmosphere obtained using BELSORP-MAX (made from MicrotracBEL corp.), and
the specific surface area is calculated through a multipoint Brunauer-Emmett-Teller (BET) method, and the pore volume
is calculated using a Barrett-Joynner-Halenda (BJH) plot with respect to pores having a diameter of 2-185 nm.

Positive Electrode

[0017] First, a positive electrode for a lithium secondary battery according to the present invention will be described.
[0018] Itis advantageous to prepare an electrode having a high rolling density in order to achieve a high energy density
of the lithium secondary battery and to secure a high electric conductivity by contact between a current collector and an
active material. However, as can be seen from FIG. 1, in which the surface A of the electrode before the rolling and the
surface B of the electrode after the rolling are observed through a scanning electron microscope (SEM), particle breakage
in which the particle shape of the active material collapses according to the rolling condition is not only easy to occur,
but also cracks may occur inside the particles.

[0019] Specifically, when the rolling density is excessively high, there is the disadvantage that the connection of the
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electrical conduction path is disconnected due to the breakage of the primary particles of the active material, or the
reaction area with the electrolyte is increased, thereby intensifying gas generation. Therefore, the electrochemical per-
formance of the electrode and the gas generation due to side reactions are greatly affected by the rolling characteristics.
[0020] Accordingly, the present inventors have devised a new parameter to select a positive electrode including an
active material having a good particle state from positive electrodes in a rolled state, and specifically, have confirmed
that in the positive electrode including a positive electrode collector and a positive electrode active material layer which
is formed on at least one surface of the positive electrode collector and includes a positive electrode active material, if
the positive electrode active material layer has a pore volume of 7.0x10-3-cm3/g to 8.0x10-3-cm3/g, it is possible to
contribute to improving the performance of a battery by including the positive electrode active material particles in an
optimal state.

[0021] Specifically, if the pore volume of the positive electrode active material layer is 7.0x10-3:-cm3/g or more,
preferably 7.1x10-3-cm3/g or more, the contact between particles is sufficient, and thus the resistance may be reduced
and the capacity of the cell can be increased. In addition, if the pore volume of the positive electrode active material
layer is 8.0x103-cm3/g or less, and preferably 7.6x10-3-cm3/g or less, the degree of breakage of the active material
particles inside the electrode is small and thus it is possible to prevent the phenomenon that gas generation inside the
cell is intensified.

[0022] Meanwhile, in an embodiment of the present invention, the positive electrode material layer may have a BET
specific surface area greater than 1.30 m2/g and less than 1.50 m2/g, preferably, 1.32 m2/g to 1.48 m2/g, and more
preferably, 1.33 m2/g to 1.45 m2/g. In this case, since the particle breakage of the active material inside the electrode
is not excessive, and contact between the particles is sufficient, resistance characteristics may be improved.

[0023] In an embodiment of the present invention, the positive electrode collector is not particularly limited as long as
it has conductivity without causing adverse chemical changes in the battery, and, for example, aluminum; stainless steel;
nickel; titanium; sintered carbon; or aluminum or stainless steel that is surface-treated with one of carbon, nickel, titanium,
silver, or the like may be used.

[0024] Meanwhile, the positive electrode active material is not particularly limited as long as it is a compound capable
of reversible intercalation and deintercalation of lithium, but may include, for example, at least one selected from lithium
composite transition metal oxides consisting of a lithium cobalt-based oxide, a lithium nickel-based oxide, a lithium nickel
cobalt-based oxide, a lithium manganese-based oxide, a lithium nickel manganese-based oxide, a lithium phosphate-
based oxide, and a lithium nickel cobalt manganese-based oxide.

[0025] Specifically, the positive electrode active material may include at least one selected from the group consisting
of a lithium cobalt-based oxide such as LiCoO, (LCO); a lithium nickel-based oxide such as LiNiO, (LNO); a lithium
nickel cobalt-based oxide such as LiNiy_4Co,,40, (0<y4<1); a lithium manganese-based oxide such as LiMnO, (LMO),
LiMnO3, LiMnyO3, and Li;MnOg; a lithium nickel manganese-based oxide such as LiysyqMngy 1Oy (0<y1<0.33),
LiNiyoMny_ 504 (0<y2<2), LiNi,3Mn,. 30, (0.01<y3<0.1), and Li;)NiMn3Og; a lithium phosphate-based oxide such as
LiFePO, and LiCoPOQ,; and a lithium nickel cobalt manganese-based oxide represented by Formula 1 below.

[0026] Inanembodimentofthe presentinvention, the positive electrode active material may include a lithium composite
transition metal oxide represented by Formula 1 below:

[Formula 1] Lij+x(Ni,Co,Mn:My4)O,
[0027] In Formula 1 above,

M is at least any one selected from the group consisting of W, Cu, Fe, V, Cr, Ti, Zr, Zn, Al, In, Ta, Y, La, Sr, Ga, Sc,
Gd, Sm, Ca, Ce, Nb, Mg, B, and Mo,
X, a, b, ¢, and d each satisfy -0.2<x<0.2, 0.50<a<1, 0<b<0.25, 0<c<0.25, 0<d<0.1, and a+b+c+d=1.

[0028] In addition, the positive electrode active material may include a lithium composite transition metal oxide con-
taining at least 70 mol% of nickel with respect to the total number of moles of the transition metal, specifically, may
include a lithium composite transition metal oxide in which in Formula 1 above, a, b, ¢, and d satisfy 0.70<a<1, 0<b<0.20,
0<c<0.20, and 0<d<0.05, respectively, and more specifically, may include a lithium composite transition metal oxide in
which a, b, ¢, and d satisfy 0.80<a<1, 0<b<0.15, 0<c<0.15, and 0<d<0.03, respectively.

[0029] In an embodiment of the present invention, the positive electrode active material may be at least one selected
from Li (Nig 53C00 9sMng 10Alg 02) O2 and Li(Nig g6C0g gsMng g7Al 02)O2-

[0030] In addition, the positive electrode active material may include a small particle positive electrode active material
and a large particle positive electrode active material having different D5, and in this case, the rolling characteristics of
the electrode may be improved.

[0031] In this case, the small particle positive electrode active material may have Dgy of 2 um to 5 wm, and the large
particle positive electrode active material may have Dsg of 8 um to 12 um.
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[0032] In an embodiment of the present invention, the weight ratio of the small particles to the large particles (i.e., the
weight of the small particle positive electrode active material/the weight of the large particle positive electrode active
material) may be in a range of 1.0 to 2.0, preferably 1.2 to 1.8, and more preferably 1.5. That the small particles and the
large particles are mixed in such a weight ratio is advantageous for achieving the high rolling density under various
pressure conditions.

[0033] In an embodiment of the present invention, the porosity of the positive electrode active material layer may be
20% to 25%. Here, the porosity means a value calculated by Equation 1 below:

Porosity (%) of positive electrode active material layer = ((true density of positive electrode active

material - electrode density)/true density of positive electrode active material) <100 [Equation 1]

[0034] In Equation 1 above, the electrode density is a value calculated by Equation 2 below:

Electrode density = (weight of positive electrode - weight of positive electrode collector)/(axbXc) [Equation 2]

[0035] In Equation 2 above, a, b, and c are the width, length, and height measured after separating the positive
electrode collector from the positive electrode, respectively.

[0036] Inan embodiment of the present invention, the thickness of the positive electrode active material layer may be
different depending on the amount of the positive electrode slurry applied, but may be, for example, 50 um to 54 um,
preferably 51 um to 53 um, and the total thickness of the positive electrode including the thickness of the positive
electrode collector may be 60 um to 100 um. In this case, there is the advantage of improving the energy density and
controlling the drying process. The thickness of the positive electrode was measured while the positive electrode was
pulled as much as possible to make it flat.

Method of Preparing Positive Electrode

[0037] Next, a method for preparing the positive electrode for a lithium secondary battery will be described.

[0038] The method for preparing a positive electrode for a lithium secondary battery according to the present invention
includes: coating at least one surface of a positive electrode collector with a positive electrode slurry containing a positive
electrode active material to form a positive electrode active material layer; and rolling the positive electrode collector
and the positive electrode active material layer, wherein the positive electrode active material layer after the rolling has
a pore volume of 7.0x 10-3-cm3/g to 8.0 10-3-cm3/g. Each component in the preparation method may cite the description
of each component of the above-described positive electrode.

[0039] In an embodiment of the present invention, the positive electrode material layer after the rolling may have a
BET specific surface area greater than 1.30 m2/g and less than 1.50 m2/g, preferably, 1.32 m2/g to 1.48 m2/g, and more
preferably, 1.33 m2/g to 1.45 m2/g.

[0040] In an embodiment of the present invention, the coating of the positive electrode slurry may be performed by
coating the positive electrode slurry on at least one surface of the positive electrode collector at a loading amount of
350 mg/25cm2 to 480 mg/25¢cm2, and preferably 380 mg/25cm? to 460 mg/25cm2,

[0041] In an embodiment of the present invention, the thickness of the positive electrode active material layer after
the rolling may be 66% to 72%, preferably 68% to 72%, with respect to the thickness of the positive electrode active
material layer before the rolling. In this case, the BET specific surface area and pore volume of the positive electrode
active material may be adjusted within the range of the present invention while achieving an appropriate rolling density.
[0042] Meanwhile, the positive electrode slurry may further include a binder and/or a conductive agent in addition to
the positive electrode active material, and may be prepared by dissolving them in a solvent.

[0043] The positive electrode active material may be included in an amount of 80 wt% to 99 wt%, specifically, 90 wt%
to 99 wt% based on the total weight of solid content in the positive electrode slurry. In this case, when the amount of
the positive electrode active material is 80 wt% or less, the energy density is reduced, and thus the capacity may be
reduced.

[0044] The binder is a component that assists in the binding between the active material and the conductive agent
and in the binding with the current collector, and may be commonly added in an amount of 1 wt% to 30 wt% based on
the total weight of the solid content in the positive electrode slurry. Examples of the binder may be polyvinylidene fluoride,
polyvinyl alcohol, carboxymethylcellulose (CMC), starch, hydroxypropylcellulose, regenerated cellulose, polyvinylpyrro-
lidone, polytetrafluoroethylene, polyethylene, polypropylene, an ethylene-propylene-diene monomer, a sulfonated eth-
ylene-propylene-diene monomer, a styrene-butadiene rubber, a fluoro rubber, or various copolymers thereof.
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[0045] Inaddition, the conductive agentis a material providing conductivity without causing adverse chemical changes
in the battery, and may be added in an amount of 0.5 wt% to 20 wt% based on the total weight of the solid content in
the positive electrode slurry.

[0046] For example, the conductive agent may be selected from among carbon black such as acetylene black, Ketjen
black, channel black, furnace black, lamp black, or thermal black; graphite powder such as natural graphite, artificial
graphite, carbon nanotubes, or graphite; conductive fibers such as carbon fibers or metal fibers; conductive powder
such as fluorocarbon powder, aluminum powder, or nickel powder; conductive whiskers such as zinc oxide whiskers or
potassium titanate whiskers; conductive metal oxide such as titanium oxide; and a conductive material such as polyphe-
nylene derivatives.

[0047] Furthermore, the solvent of the positive electrode slurry may include an organic solvent, such as N-methyl-2-
pyrrolidone (NMP), and may be used in an amount such that desirable viscosity is obtained when the positive electrode
active material, the binder, and the conductive agent are included. For example, the solvent may be included in an
amount such that a concentration of the solid content in the positive electrode slurry containing the positive electrode
active material, the binder, and the conductive agent is 40 wt% to 90 wt%, preferably, 60 wt% to 80 wt%.

[0048] Inanembodimentofthe presentinvention, the rolling step may be performed by a process of cutting the positive
electrode collector coated with the positive electrode slurry to a width of 10 cm to 12 cm and a length of 3 cm to 4 cm,
putting the cut positive electrode collector between two rollers, and compressing the cut positive electrode collector by
adjusting the interval of the rollers.

Lithium Secondary Battery

[0049] Next, a lithium secondary battery according to the present invention will be described.

[0050] The lithium secondary battery of the presentinvention includes the above-described positive electrode according
to the present invention; a negative electrode; a separator interposed between the positive electrode and the negative
electrode; and an electrolyte, and may be prepared by a conventional preparation method, except for using the positive
electrode according to the present invention.

[0051] Meanwhile, the lithium secondary battery may further optionally include a battery container accommodating an
electrode assembly of the positive electrode, the negative electrode, and the separator, and a sealing member for sealing
the battery container.

[0052] In the lithium secondary battery, the negative electrode includes a negative electrode collector and a negative
electrode active material layer disposed on the negative electrode collector.

[0053] The negative electrode collector is not particularly limited as long as it has high conductivity without causing
adverse chemical changes in the battery, and, for example, copper, stainless steel, aluminum, nickel, titanium, fired
carbon, copper or stainless steel that is surface-treated with one of carbon, nickel, titanium, silver, or the like, and an
aluminum-cadmium alloy may be used. Also, the negative electrode collector may typically have a thickness of 3 um to
500 pm, and, similar to the positive electrode collector, microscopic irregularities may be formed on the surface of the
collector to improve the adhesion of the negative electrode active material. The negative electrode collector, for example,
may be used in various shapes such as a film, a sheet, a foil, a net, a porous body, a foam body, and a non-woven fabric
body.

[0054] The negative electrode active material layer selectively includes a binder and a conductive agent in addition
to the negative electrode active material.

[0055] Acompound capable ofreversibly intercalating and deintercalating lithium may be used as the negative electrode
active material. Specific examples of the negative electrode active material may be a carbonaceous material such as
artificial graphite, natural graphite, graphitized carbon fibers, and amorphous carbon; a metallic compound alloyable
with lithium such as Si, Al, Sn, Pb, Zn, Bi, In, Mg, Ga, Cd, a Si alloy, a Sn alloy, or an Al alloy; a metal oxide which may
be doped and undoped with lithium such as SiOB(O<B<2), Sn0,, vanadium oxide, and lithium vanadium oxide; or a
composite including the metallic compound and the carbonaceous material such as a Si-C composite ora Sn-C composite,
and any one thereof or a mixture of two or more thereof may be used.

[0056] Also, a metallic lithium thin film may be used as the negative electrode active material. Furthermore, both low
crystalline carbon and high crystalline carbon may be used as the carbon material. Typical examples of the low crystalline
carbon may be soft carbon and hard carbon, and typical examples of the high crystalline carbon may be irregular, planar,
flaky, spherical, or fibrous natural graphite or artificial graphite, Kish graphite, pyrolytic carbon, mesophase pitch-based
carbon fibers, meso-carbon microbeads, mesophase pitches, and high-temperature sintered carbon such as petroleum
or coal tar pitch derived cokes.

[0057] The conductive agent is used to provide conductivity to the electrode, wherein any conductive agent may be
used without particular limitation as long as it has suitable electron conductivity without causing adverse chemical
changes in the battery. Specific examples of the conductive agent may include graphite such as natural graphite or
artificial graphite; carbon black such as acetylene black, Ketjen black, channel black, furnace black, lamp black, thermal
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black; carbon based materials such as carbon fibers, and carbon nanotubes; powder or fibers of metal such as copper,
nickel, aluminum, or silver; conductive whiskers such as zinc oxide whiskers and potassium titanate whiskers; conductive
metal oxides such as titanium oxide; or conductive polymers such as polyphenylene derivatives, and any one alone
thereof or a mixture of two or more thereof may be used. The conductive agent may be typically included in an amount
of 1 wt% to 30 wt%, preferably 1 wt% to 20 wt%, and more preferably 1 wt% to 10 wt% with respect to the total weight
of the negative electrode active material layer.

[0058] The binder serves to improve the adhesion between the negative electrode active material particles and the
adhesion between the negative electrode active material and the negative electrode collector. Specific examples of the
binder may include polyvinylidene fluoride (PVDF), polyvinylidene fluoride-hexafluoropropylene copolymer (PVDF-co-
HFP), polyvinyl alcohol, polyacrylonitrile, carboxymethyl cellulose (CMC), starch, hydroxypropyl cellulose, regenerated
cellulose, polyvinylpyrrolidone, polytetrafluoroethylene, polyethylene, polypropylene, an ethylene-propylene-diene mon-
omer rubber (EPDM rubber), a sulfonated EPDM, a styrene-butadiene rubber (SBR), a fluorine rubber, or various
copolymers thereof, and any one alone thereof or a mixture of two or more thereof may be used. The binder may be
included in an amount of 1 wt% to 30 wt%, preferably 1 wt% to 20 wt%, and more preferably 1 wt% to 10 wt% with
respect to the total weight of the negative electrode active material layer.

[0059] The negative electrode active material layer may be prepared by, for example, coating, on a negative electrode
collector, a negative electrode slurry containing a negative electrode active material, and optionally a binder and a
conductive agent and drying the coated negative electrode collector, or by casting the negative electrode slurry on a
separate support and then laminating a film separated from the support on the negative electrode collector.

[0060] The solvent of the negative electrode slurry may include water; or an organic solvent such as NMP and alcohol,
and may be used in an amount such that desirable viscosity is obtained when the negative electrode active material,
the binder, and the conductive agent are included. For example, the solvent may be included in an amount such that a
concentration of the solid content in the negative electrode slurry including the negative electrode active material, the
binder, and the conductive agent is 30 wt% to 80 wt%, preferably, 40 wt% to 70 wt%.

[0061] In the lithium secondary battery, the separator separates the negative electrode and the positive electrode and
provides a movement path of lithium ions, wherein any separator may be used as the separator without particular
limitation as long as it is typically used in a lithium secondary battery, and particularly, a separator having high moisture-
retention ability for an electrolyte as well as low resistance to the transfer of electrolyte ions may be used. Specifically,
a porous polymer film, for example, a porous polymer film prepared from a polyolefin-based polymer, such as an ethylene
homopolymer, a propylene homopolymer, an ethylene/butene copolymer, an ethylene/hexene copolymer, and an eth-
ylene/methacrylate copolymer, or a laminated structure having two or more layers thereof may be used. Also, a typical
porous nonwoven fabric, for example, a nonwoven fabric formed of high melting point glass fibers or polyethylene
terephthalate fibers may be used. Furthermore, a coated separator including a ceramic component or a polymer material
may be used to secure heat resistance or mechanical strength, and the separator having a single layer or multilayer
structure may be optionally used.

[0062] Also, the electrolyte used in the present invention may include an organic liquid electrolyte, an inorganic liquid
electrolyte, a solid polymer electrolyte, a gel-type polymer electrolyte, a solid inorganic electrolyte, or a molten-type
inorganic electrolyte which may be used in the preparation of the lithium secondary battery, but the present invention is
not limited thereto.

[0063] Specifically, the electrolyte may include an organic solvent and a lithium salt.

[0064] Any organic solvent may be used as the organic solvent without particular limitation so long as it may function
as a medium through which ions involved in an electrochemical reaction of the battery may move. Specifically, an ester-
based solvent such as methyl acetate, ethyl acetate, y-butyrolactone, and e-caprolactone; an ether-based solvent such
as dibutyl ether or tetrahydrofuran; a ketone-based solvent such as cyclohexanone; an aromatic hydrocarbon-based
solvent such as benzene and fluorobenzene; or a carbonate-based solvent such as dimethyl carbonate (DMC), diethyl
carbonate (DEC), methylethyl carbonate (MEC), ethylmethyl carbonate (EMC), ethylene carbonate (EC), and propylene
carbonate (PC); an alcohol-based solvent such as ethyl alcohol and isopropy! alcohol; nitriles such as R-CN (where R
is a linear, branched, or cyclic C2-C20 hydrocarbon group and may include a double-bond aromatic ring or ether bond);
amides such as dimethylformamide; dioxolanes such as 1,3-dioxolane; or sulfolanes may be used as the organic solvent.
Among these solvents, the carbonate-based solvent may be used, and, for example, a mixture of a cyclic carbonate
(e.g., ethylene carbonate or propylene carbonate) having high ionic conductivity and high dielectric constant, which may
increase charge/discharge performance of the battery, and a low-viscosity linear carbonate-based compound (e.g.,
ethylmethyl carbonate, dimethyl carbonate, or diethyl carbonate) may be used.

[0065] The lithium salt may be used without particular limitation as long as itis a compound capable of providing lithium
ions used in the lithium secondary battery. Specifically, LiPFg, LiCIO,, LiAsFg, LiBF4, LiSbFg, LiAlO,4, LIAICI,, LICF3SO3,
LiC4F¢S03, LiN(C,F5S03),, LIN(CoF5S0,),, LIN(CF3S0,),, LiCl, Lil, LiIB(C50,),, or the like may be used as the lithium
salt. It is preferable to use the lithium salt in a concentration range of 0.1 M to 5.0 M, preferably, 0.1 M to 3.0 M. When
the concentration of the lithium salt is included within the above range, the electrolyte may have suitable conductivity
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and viscosity, thereby exhibiting excellent performance, and lithium ions may effectively migrate.

[0066] Inordertoimprove lifetime characteristics of the battery, suppress the reduction in battery capacity, and improve
discharge capacity of the battery, additives may be additionally included in the electrolyte in addition to the above
electrolyte components. For example, any one alone or a mixture of a haloalkylene carbonate-based compound such
as difluoro ethylenecarbonate, pyridine, triethylphosphite, triethanolamine, cyclic ether, ethylene diamine, n-glyme, hex-
amethylphosphoric acid triamide, nitrobenzene derivatives, sulfur, quinone imine dye, N-substituted oxazolidinone, N,N-
substituted imidazolidine, ethylene glycol dialkyl ether, an ammonium salt, pyrrole, 2-methoxy ethanol, or aluminum
trichloride may be used as the additive, but the embodiment of the present invention is not limited thereto. The additive
may be included in an amount of 0.1 wt% to 10 wt%, preferably, 0.1 wt% to 5 wt% with respect to the total weight of the
electrolyte.

[0067] Asdescribed above, since the lithium secondary battery including the positive electrode according to the present
invention stably exhibits excellent discharge capacity, output characteristics, and capacity retention, the lithium secondary
battery is suitable for portable devices, such as mobile phones, notebook computers, and digital cameras, and electric
cars such as hybrid electric vehicles (HEVs).

[0068] Thus, according to another embodiment of the present invention, a battery module including the lithium sec-
ondary battery as a unit cell and a battery pack including the battery module are provided.

[0069] The battery module or the battery pack may be used as a power source of at least one medium and large sized
device of a power tool; electric cars including an electric vehicle (EV), a hybrid electric vehicle (HEV), and a plug-in
hybrid electric vehicle (PHEV); or a power storage system.

[0070] Hereinafter, examples of the present invention will be described in detail in such a manner that it may easily
be carried out by a person with ordinary skill in the art to which the present invention pertains.

MODE FOR CARRYING OUT THE INVENTION

[Examples and Comparative Examples: Preparation of Positive Electrode]

Reference Experimental Example 1.

[0071] Before the preparation of the positive electrode, in order to confirm the proper mixing ratio of the small particles
and the large particles, the rolling density value according to the mixing volume ratio of the bimodal positive electrode
material was confirmed as follows.

[0072] Specifically, Li(Nig g3C0q g5Mng 10Alg.92)O5 having Dsq of 3.7 um and Li(Nig ggCog sMng 7Alg 2)O5 (Dgg=10 pm)
having Dgq of 9.8 um were mixed in a weight ratio of 7:3, 6:4, 5:5, 4:6, and 3:7, respectively, to prepare positive electrode
materials having a bimodal particle size distribution.

[0073] The rolling density of each prepared positive electrode material was measured using HPRM-1000. Specifically,
5 g of each positive electrode material prepared at each weight ratio was added to a cylindrical mold, and then the mold
containing each positive electrode material was pressed at 2 tons. Thereafter, the height of the pressurized mold was
measured with vernier calipers to determine rolling density.

[0074] When the pressure applied to the mold was changed to 5 tons and then to 9 tons, the rolling density was also
obtained by the same method, and the results are shown in FIG. 5.

[0075] From the results of FIG. 5, it can be confirmed that the rolling density was the highest when the mixing weight
ratio of the small particles and the large particles was 6:4 under all pressure conditions of 2 tons, 5 tons, and 9 tons,
and accordingly, and thus the corresponding weight ratio was applied in Examples below to prepare positive electrode
materials.

Comparative Example 1.

[0076] Li(Nig g3C0q 05sMng 10Alg 92) O, having Dgq of 3.7 wm and Li(Nig ggC0q sMng 7Al 2)O5 (D5g=10 pm) having D,
of 9.8 um were mixed in a weight ratio of 6:4 to prepare a bimodal positive electrode material.

[0077] The positive electrode material, the conductive agent (carbon black), and the binder (polyvinylidene fluoride,
PVdF) were mixed in an N-methyl-2-pyrrolidone (NMP) solvent at a weight ratio of 97.5:1.0:1.5 to prepare a positive
electrode slurry (solid content: 76 wt%). The prepared positive electrode active material had a true density of 4.475 g/cc.
[0078] The positive electrode slurry was applied onto one surface of an aluminum current collector and then dried at
130 °C to prepare an electrode including an active material layer having a loading amount of 450 g/25cmZ2. Now, the
thickness of the active material layer was 75 pm. The electrode was cut to 11 cmXx3.5 cm, inserted between two rollers,
and an interval between the two rollers was adjusted at 25 °C to prepare a positive electrode having an active material
layer with a thickness of 70 um and a porosity of 42.5%.
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Comparative Example 2.

[0079] A positive electrode was prepared in the same manner as in Example 1, except that in Comparative Example
1, the active material layer was rolled to have a thickness of 55 um and a porosity of 26.8%.

Comparative Example 3.

[0080] A positive electrode was prepared in the same manner as in Example 1, except that in Comparative Example
1, the active material layer was rolled to have a thickness of 49 um and a porosity of 17.8%.

Example 1.

[0081] A positive electrode was prepared in the same manner as in Example 1, except that in Comparative Example
1, the active material layer was rolled to have a thickness of 53 um and a porosity of 24.0%.

Example 2.

[0082] A positive electrode was prepared in the same manner as in Example 1, except that in Comparative Example
1, the active material layer was rolled to have a thickness of 51 um and a porosity of 21.1%.

[Experimental Example 1: Measurement of BET Specific Surface Area and Pore Volume]

[0083] Each of the positive electrodes prepared in Comparative Examples 1 to 3 and Examples 1 and 2 was cut into
an area of 1.96 cmx1.96 cm, and sampled such that the weight of the entire positive electrode was 3.5 g or more for
each positive electrode, and then introduced into BELSORP-MAX (MicrotracBEL corp.). Thereafter, the Brunauer-Em-
mett-Teller (BET) specific surface area of the positive electrode active material layer and the pore volume by means of
the Barrett-Joyner-Halenda (BJH) Plot were confirmed by subtracting the weight of the current collector. The BJH Plot
is obtained with respect to pores having a diameter of 2 nm to 185 nm and is shown in FIG. 2, and the pore volume
values calculated thereby are shown in Table 1 below.

[Table 1]
BET specific surface area (m2/g) | Volume of pores (10-3-cm?3/g)
Comparative Example 1 1.08 4.807
Comparative Example 2 1.29 6.508
Example 1 1.33 7.196
Example 2 1.45 7.531
Comparative Example 3 1.51 8.719

[Experimental Example 2: Battery Performance Evaluation]

(1) Initial Capacity Evaluation

[0084] Each electrode assembly was prepared by interposing a porous polyethylene separator between each of the
positive electrodes prepared in Examples 1 and 2 and Comparative Examples 1 to 3 and the lithium metal negative
electrode, and then the electrode assembly was placed in a battery case. Thereafter, an electrolyte solution was injected
into the case to manufacture a lithium secondary battery of a coin half cell, and the electrolyte solution was prepared by
dissolving LiPFg having a concentration of 1 M in a mixed organic solvent obtained by mixing ethylene carbonate/dimethyl
carbonate/diethyl carbonate in a volume ratio of 3:4:3. Each of the manufactured coin half cells was subjected to formation,
and charged/discharged once at a charging/discharging rate of 0.1C/0.1C at room temperature (25 °C). At this time, the
state charged/discharged once is set as the initial capacity and is shown in Table 2 below.

(2) Life Characteristic Evaluation

[0085] Lithium secondary batteries to which the positive electrodes of Examples 1 and 2 and Comparative Examples
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2 and 3 were applied were manufactured in the same manner as the coin half cell except that the negative electrode
manufactured as follows was used instead of the lithium metal negative electrode.

[0086] Graphite in which artificial graphite and natural graphite were blended at a weight ratio of 8:2 as a negative
electrode active material, styrene-butadiene rubber (SBR) as a binder, and carbon black as a conductive agent were
mixed at a weight ratio of 97.6:0.8:1.6, and then added to water that is a solvent to prepare a negative electrode mixture
slurry. A 10 um thick copper (Cu) thin film, as a negative electrode collector, was coated with the negative electrode
mixture slurry and dried, and the coated Cu thin film was then roll-pressed to prepare a negative electrode.

[0087] Each of the manufactured lithium secondary battery was subjected to a formation process at 25 °C at 0.1 C
rate, and then the gas in the battery was removed through a degassing process. The gas-removed lithium secondary
battery was charged at 25 °C to 4.2 V under a constant current/constant voltage (CC/CV) condition, 0.05 C cut-off
charged, and discharged at 0.33 C rate to 2.5 V under a constant current (CC) condition.

[0088] That the charging/discharging is performed once was set as 1 cycle, the discharge capacity in the initial state
(1 cycle) was measured using PNE-0506 charge/discharge equipment (manufacturer: PNE SOLUTION Co., Ltd., 5V,
6 A), and the result is set forth as the initial capacity in Table 2 below.

[0089] Thereafter, the results of measuring the discharge capacity retention by repeating the same charging/discharg-
ing 600 times are shown in FIG. 3, and the retention rate after performing charging/discharging 600 times was calculated
with respect to the initial capacity, and the calculated value is set forth as the capacity retention in Table 2 below.
[0090] Inaddition, FIG. 3 shows the results of measuring the resistance increase rate with respect to the initial resistance
by calculating DC-iR through the voltage drop that appears when the discharge pulse is applied at 1 C for 10 seconds
after charging the battery so as to have an SOC of 50% at 25 °C, and the resistance increase rate after performing
charging/discharging 600 times with respect to the initial resistance is calculated and set forth as the resistance increase
rate in Table 2 below.

(3) Volume Change Measurement

[0091] Thelithium secondary batteries to which the positive electrodes of Examples 1 and 2 and Comparative Examples
2 and 3 were applied were manufactured in the same manner as described in the life characteristic evaluation item, and
each of the lithium secondary batteries was subjected to a formation process at 25 °C at 0.2 C rate, and then the gas
in the battery was removed by a degassing process. Thereafter, the lithium secondary batteries were charged at 0.33
C rate at room temperature (25 °C) to 4.2 V under a constant current/constant voltage condition, 0.05 C cut-off charged,
and discharged at 0.33 C to 2.5 V.

[0092] Thereafter, charging was performed under the same conditions as described above, and the lithium secondary
batteries were fully charged up to an SOC of 100%. The volume of the fully charged battery was measured in a buoyancy
manner at room temperature, and this was set as the initial volume.

[0093] The amountof gas generated was measured through the changed volume in the following manner while storing
the batteries, of which the volume measurement was completed, at 60 °C for 16 weeks, and the results are shown in
FIG. 4. During the volume measurement, each of the batteries was transferred to charge/discharge equipment at room
temperature (25 °C), and then charged at 0.33 C rate to 4.2 V under a constant current/constant voltage condition, 0.05
C cut-off charged, and fully charged up to an SOC of 100% again. The volume of the fully charged battery was measured
in a buoyancy manner at room temperature and the batteries were stored again at 60 °C. After the batteries were stored
for 16 weeks, the difference between the measured volume and the initial volume was calculated and set forth as the
amount of gas generated in Table 2.

[Table 2]
Comparati Comparati Example Example Comparati
ve Example | ve Example ve Example
1 2
1 2 3
Initial Capacity (mAh/g) 189.6 206.1 208.9 209.7 210.2
Capacity retention (600cyc, %) - 83.69 86.05 87.20 86.71
Resistance increase rate (600cyc, %) - 300.32 187.62 178.84 185.61
Amount of gas generated (16 weeks, mL) - 0.127 0.149 0.166 0.220

[0094] From the results of Table 2, it can be confirmed that the batteries manufactured using the positive electrodes
of Examples 1 and 2 in which the positive electrode active material layer satisfies the pore volume range of the present
invention exhibited excellent initial capacity, capacity retention, resistance increase rate, and amount of gas generated.

10
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[0095] Specifically, it can be confirmed that in the cases of Comparative Examples 1 and 2 using the positive electrode
having a pore volume of the positive electrode active material layer of less than 7.0x10-3-cm3/g, the initial capacity is
low or the resistance increase rate was very high. In addition, it can be seen that in the case of Comparative Example
3 using the positive electrode having a pore volume of the positive electrode active material layer of greater than
8.0%10-3-cm3/g, the amount of gas generated was significantly increased.

Claims

1.

10.

1.

12.

A positive electrode for a lithium secondary battery comprising:
a positive electrode collector; and
a positive electrode active material layer which is formed on at least one surface of the positive electrode collector
and comprises a positive electrode active material,
wherein the positive electrode active material layer has a pore volume of 7.0x10-3-cm3/g to 8.0x103-cm3/g.

The positive electrode of claim 1, wherein the positive electrode active material layer has a BET specific surface
area of greater than 1.30 m2/g and less than 1.50 m2/g.

The positive electrode of claim 1, wherein the positive electrode active material comprises a small particle positive
electrode active material and a large particle positive electrode active material having different Dgj.

The positive electrode of claim 3, wherein the small particle positive electrode active material has Dggof 2umto 5 um.
The positive electrode of claim 3, wherein the large particle positive electrode active material has Dgyof 8umto 12 um.

The positive electrode of claim 3, wherein the weight ratio of the small particle positive electrode active material to
the large particle positive electrode active material is in a range of 1.0 to 2.0.

The positive electrode of claim 1, wherein the positive electrode active material comprises a lithium composite
transition metal oxide represented by Formula 1 below:

[Formula 1] Lijx(NigCopMn-M4)O,

wherein, in Formula 1 above,

M is at least any one selected from the group consisting of W, Cu, Fe, V, Cr, Ti, Zr, Zn, Al, In, Ta, Y, La, Sr, Ga,

Sc, Gd, Sm, Ca, Ce, Nb, Mg, B, and Mo,

X, a, b, ¢, and d each satisfy -0.2<x<0.2, 0.50<a<1, 0<b<0.25, 0<c<0.25, 0<d<0.1, and a+b+c+d=1.
The positive electrode of claim 1, wherein the positive electrode active material comprises a lithium composite
transition metal oxide containing at least 70 mol% of nickel with respect to the total number of moles of the transition
metal.
The positive electrode of claim 1, wherein the positive electrode active material layer has a porosity of 20% to 25%.
A method for preparing a positive electrode for a lithium secondary battery, the method comprising:

coating at least one surface of a positive electrode collector with a positive electrode slurry containing a positive

electrode active material to form a positive electrode active material layer; and

rolling the positive electrode collector and the positive electrode active material layer,

wherein the positive electrode active material layer after the rolling has a pore volume of 7.0x10-3-cm3/g to

8.0x10-3-cm3/g.

The method of claim 10, wherein the positive electrode active material layer after the rolling has a BET specific
surface area of greater than 1.30 m2/g and less than 1.50 m2/g.

The method of claim 10, wherein the coating of the positive electrode slurry is performed by coating the positive
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electrode slurry on at least one surface of the positive electrode collector at a loading amount of 350 mg/25cm?2 to
480 mg/25cm?2.

The method of claim 10, wherein the thickness of the positive electrode active material layer after the rolling is 66%
to 72% with respect to the thickness of the positive electrode active material layer before the rolling.

A lithium secondary battery comprising: the positive electrode for a lithium secondary battery according to claim 1;

a negative electrode; a separator interposed between the positive electrode and the negative electrode; and an
electrolyte.

12
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